Effects of different gases (CO, NO, H 2 , CO 2 ) on the morphological changes of Rh nanoparticles deposited on TiO 2 (110)-(1 × 2) surface were studied by scanning tunneling microscopy. The planar model catalyst surface was prepared by evaporation of Rh on TiO 2 at room temperature followed by annealing in UHV. By the variation of the Rh content and the annealing temperature Rh nanoparticles can be produced in the range of 1-10 nm. A very rapid disintegration of the supported Rh nanoparticles of 1-2 nm to atomically dispersed Rh was observed at 300 K even after a few minutes exposure to a pressure of 10 −1 mbar CO. For particle sizes of 3-4 nm the COinduced process became slower, and for larger Rh clusters (8-10 nm) it did not occur at all even at higher CO pressure. Keeping the atomically dispersed Rh in CO above 500 K led to the reformation of the Rh clusters but of larger size. The CO-induced agglomeration was also observed for larger Rh particles (5-6 nm) above 500 K. The adsorption of NO on Rh nanoparticles also resulted in the disruption of Rh x crystallites at 300 K. It was not observed, however, in the presence of H 2 and CO 2 , which was explained by the different nature of their interaction with Rh.
INTRODUCTION
An interesting, but not fully explored feature of the chemistry of some nanostructured materials is that their size and morphology can be strongly influenced by an interaction with reacting gases which may lead to basic changes of their adsorptive and catalytic performances (1, 2) . In heterogeneous catalysis it is a well-known phenomenon that the state and the structure of catalyst can be basically altered during the catalytic reaction, and in many cases the real catalyst is formed on the effect of reacting system. MoO 3 / ZSM-5 catalyst provides an excellent example of this phenomenon. As a result of the high-temperature interaction with methane, MoO 3 is transformed into Mo 2 C, which is the key compound in the conversion of methane into ben-zene in this catalyst system (3, 4) . Recent studies, however, revealed that structural changes of the catalyst may occur not only during high-temperature reaction, but even during low-temperature adsorption. From the analysis of EXAFS, IR, XPS, and SPA-LEED results it was inferred that the adsorption of CO at 150-400 K caused the disruption of Rh nanoparticles to isolated Rh atoms which may be oxidized to Rh 1 by the OH groups of the support (5-13). As the disruption of Rh x can also occur on a hydroxyl-free substrate, a stabilization of the atomically dispersed Rh by oxygen vacancies was also suggested (14, 15) . At higher temperatures, above 423 K, CO induced the reverse process, e.g., the reductive agglomeration of Rh 1 species into Rh x clusters (7, 12, 13, (16) (17) (18) (19) . As regards other systems, there is strong IR and EXAFS evidence that similar processes occur following CO adsorption on supported Ru (20) (21) (22) , Ir (23) , and Re (24) (25) (26) .
In the present paper we apply scanning tunneling microscopy (STM) to observe directly the adsorption-induced changes of the sizes and morphology of Rh nanoparticles supported on the TiO 2 (110)-(1 × 2) surface. The first STM evidence for the CO-induced disruption of supported Rh was reported in our preliminary study (27) . The STM technique was subsequently applied in following the disintegration and agglomeration of Ir nanoparticles on TiO 2 (110) surface caused by CO (28) .
The primary aims of this work are to explore the effect of the size of the Rh particles on the CO-induced processes and to examine the influences of other gases on the state of Rh crystallites. Particular attention is paid to the effect of NO which-according to IR studies-markedly promotes the CO-induced disintegration of supported Rh (29) (30) (31) (32) (33) .
As a support, we choose a TiO 2 (110)-(1 × 2) single crystal which-due to its semiconducting properties-is more suitable for STM studies than other oxidic supports. The main structural features of clean TiO 2 single crystal surfaces, revealed by STM, have already been reported (34) (35) (36) (37) (38) (39) (40) . The Rh/TiO 2 (001) and (110) systems have been characterized by STM as well (41) (42) (43) (44) .
EXPERIMENTAL
The experiments were performed in a UHV chamber equipped with a three-grid AES-LEED analyzer and a commercial STM head (WA-Technology). The sample can be moved by a UHV-compatible transfer system from the STM head to the central manipulator for annealing in UHV, sputtering by Ar + , and AES-LEED detection. A side vacuum chamber connected to the main system served for highpressure gas treatment of the probe at different temperatures. Both chambers were iongetter-pumped. A titanium sublimation pump was also applied in order to increase the pumping speed and to arrive at an ultimate pressure of 5 × 10 −8 Pa. The polished TiO 2 (110) single crystal sample was purchased from Crystal-Tec. It was clipped with a Ta plate connected to a transferable sample holder and moved into the UHV chamber. The sample was heated by a W filament positioned just below the Ta plate holding the probe. By this arrangement we could attain a surface temperature of 1100 K measured by a thin chromel-alumel thermocouple attached to the edge of the sample.
The cleaning procedure of the TiO 2 surface started with a few hours annealing at 800 K in an UHV environment. During this treatment the light blue transparent color of the sample became dark grey and opaque as a result of partial reduction. Further cleaning of the surface consisted of cycles of Ar ion bombardment (1.5 keV) for 10 min at room temperature or at 1000 K, and annealing for 1 h at 1100 K. Heating and cooling rates were always less than 2 K s . From time to time the crystal was reoxidized in 10 −4 Pa oxygen at 800 K. This latter treatment radically reduced the corrugation of the surface and resulted in good quality large (110) terraces. Before Rh deposition, the TiO 2 sample was annealed at 1100 K for 10 min.
The homemade evaporator was a liquid nitrogen-cooled device with ohmically heated Rh filament. During the Rh dosing the distance between the evaporator source and the sample was approximately 20 mm. The rate of the deposition was controlled by adjusting the filament current. Auger spectra registered at different points of the sample revealed a uniform and clean rhodium overlayer. The Rh coverage is expressed in monolayer equivalent (ML) which corresponds to 1.6 × 10 15 atom/cm 2 . The detailed calibration procedure was described in (42, 43) . High-purity gases of H 2 , CO, CO 2 , and NO were introduced into the transfer chamber for gas exposure.
For STM imaging the chemically edged W tip was sharpened in situ above the TiO 2 surface by applying 5-10 V pulses, or by using a continuous positive 40-70 V bias potential and 100 nA current (between the tip and the sample in tunneling position) for a few minutes. The inefficiency of this procedure indicates that the tip needs to be changed. Tunneling conditions of +1.5 V bias voltage and 0.2 nA tunneling current were typically used for STM imaging. It is worth mentioning that in the case of gas-exposed surfaces the tunneling current was usually reduced to 0.02 nA and the scan speed also was lowered to some extent in order to receive better quality STM images. We assumed that the higher tunneling current may induce some desorption of the adsorbed molecules, thus hindering a good quality imaging. Figure 1 shows the main features of the Rh/TiO 2 (110)-(1 × 2) system with different Rh contents. The deposition of approximately 0.01 ML of Rh at room temperature results in highly dispersed round-shaped, approximately 1.5-nmdiameter metal particles consisting of 5-6 atoms. The original 1 × 2 reconstruction of the titania does not undergo any changes even in the region close to the crystallites. Rh clusters are mainly located on the terraces (no step decoration). By increasing the rhodium coverage up to 0.2 ML, the average particle size increases from 1.5 to 3.0 nm, accompanied by a concealing of the original row structure characteristic for the (1× 2) reconstruction of TiO 2 (110). The aspect ratio of height/diameter of the 3D Rh nanoparticles was approximately 0.3 in the total coverage range. The overall bumpy morphology of the surface remains unchanged in the Rh coverage of 0.1-1.0 ML. It is not yet clear whether this behaviour is connected to a stronger interaction between the Rh overlayer and the titania support (i.e., Rh-induced reduction of TiO 2 phase), or the bumps simply consist of rhodium. The earlier photoelectron spectroscopic results do not support a stronger interaction (oxidation reduction cycle) between Rh and titania at room temperature (45) .
RESULTS AND DISCUSSION

Growth of Rh Particles in Vacuum
In Fig. 1 we also display the effects of annealing of Rh/TiO 2 (110)-(1 × 2) on the shape and the size of the Rh crystallites. At the lowest Rh content (0.01 ML; the average size of Rh is 1.5 nm), a slight increase occurred in its size during annealing-it became 2.5 nm at 500 K, 3.0 nm at 700 K, and 3.5 nm at 900 K. At 0.2 ML, the size of the Rh particles increased from 3.0 nm (300 K) to 4.5 nm following annealing at 900 K. The extent of the size growth was practically the same in the range of 3-5 nm for 0.92 ML Rh coverage. We note that for Rh coverages higher than 0.1 ML, a clear structural separation of Rh nanocrystallites from the (1 × 2) ordered substrate occurs only after annealing at 1100 K (44).
Effect of CO
Before the study of the influence of CO on the morphology of Rh crystallites, some measurements were performed with pure, Rh-free TiO 2 ( Figs. 2A-2C ). The sharpness of the terrace and row structure of the clean titania decreased at 300 K and disappeared at 400 K (Fig. 2D) . Following the adsorption of CO on Rh/TiO 2 at 0.01 ML of Rh, the size of the Rh crystallites (∼1.5 nm) clearly decreased even in the presence of 10 −3 mbar of CO (Fig. 3) . At higher CO pressure, the effect is more dramatic: the Rh particles are hardly detectable by STM. When the coverage of Rh was increased to 0.05 ML, similar phenomena were observed, but the CO-induced change occurred somewhat slower (Fig. 3) . Note that in this case the size of the particles was only slightly larger, but the density of the particles was markedly higher. In the next experiments the Rh coverage was increased to 0.15 ML. In order to obtain well separated Rh particles of 3-4 nm, the sample was annealed in UHV at 1100 K. In this case the main process was the corrosion of the particles, but a reduction in their sizes can also be observed. A completely different behaviour was observed for larger Rh particles (8-10 nm), where no changes in size and morphology of the Rh clusters were experienced at 300-400 K even after extended adsorption time, and at higher CO pressure, up to 10 mbar (Fig. 3) .
In subsequent measurements, the Rh/TiO 2 samples treated with CO at room temperature have been heated to higher temperature in the presence of CO (1 × 10 −1 mbar). Changes in the shape and the size of Rh are shown in Fig. 4 . In the case of 0.01 ML of Rh, the round forms attributed to Rh x crystallites appeared again already at 400 K and became more appreciable at higher temperatures. The average diameter of the Rh x clusters attained a value of 5.5 nm after the treatment in CO at 600 K. A similar feature was observed at higher Rh contents (0.28 and 1.26 ML). Although the nanoparticles were not disrupted by CO previously at 300-400 K in this case, the adsorption of CO at higher temperature also caused an increase in the size of the Rh crystallites. The extent of size increase was 3-4 times larger than observed in vacuum.
The same results were obtained for the Rh/TiO 2 (110)-(1 × 2) surface annealed at 1100 K in UHV and treated with CO at 300 K to obtain disrupted Rh crystallites (Fig. 5) . In this case the CO-induced growth of disintegrated particles occured at 600 K (Fig. 5C) . The Rh crystallites reappeared much larger than before CO adsorption (Fig. 5C) . The particle size, however, did not increase further when the CO-treated surface was subsequently annealed in UHV at 1100 K (Fig. 5D) .
These results provide direct evidence for the conclusions drawn from previous EXAFS (5, 6) and IR spectroscopic studies (7) (8) (9) (10) (11) (12) (16) (17) (18) . The small Rh crystallites (1-2 nm) are readily disrupted by CO adsorption, whereas such a process is much slower for particles of 3-5 nm size or cannot be observed for Rh clusters larger than 8-10 nm. The driving force behind this process is very likely the high bond energy of Rh-CO (185 kJ/mol) compared to that of the Rh-Rh bond (532/12 = 44.5 kJ/mol (5)). Note that after extended adsorption time, 10-20 h, the formation of Rh dicarbonyl species, indicative of the occurrence of the disruption, has been detected by means of sensitive FTIR spectroscopy even for larger Rh clusters (7) . However, the extent of the disruption of Rh crystallites was extremely low.
The CO-induced agglomeration at elevated temperatures (above 500 K) observed by IR spectroscopy (7, (16) (17) (18) has been confirmed by the present STM measurements as well. This was not restricted to isolated Rh atoms, but occurred for larger Rh particles, too. We may assume that the transient formation of Rh(CO) 2 moieties also plays a role in the CO-promoted agglomeration of Rh clusters. This is followed by the diffusion of these species-which may occur more easily than that of Rh metal particles-then by the decomposition of Rh(CO) 2 .
It is important to note that the temperature at which the agglomeration starts (approximately 500 K) is nearly the same as the temperature of CO desorption from extended Rh surfaces. In other words, the frequency of the adsorption-desorption processes is very high around this temperature.
Effect of Hydrogen
Exposing the Rh-free titania surface to 10 −3 mbar H 2 for 10 min the row structure looses its sharpness, similarly as observed following CO adsorption (Fig. 2 ). An increase of the H 2 pressure to 1 × 10 −1 mbar causes a total destruction of the row structure. Annealing the titania in the presence of H 2 at 400 and 500 K results in a further erosion of the surface structure, but it does not lead to a strong structural change, which would prevent the study of the interaction between hydrogen and rhodium.
Although the adsorption of hydrogen on supported Rh has been the subject of several studies, no information is available regarding whether hydrogen can induce similar disruption processes as observed for CO. In this case, IR spectroscopy cannot be used to establish any structural changes; thus a more powerful method, like STM, is required for this purpose. Exposing the Rh/TiO 2 (110) to H 2 at 300 K caused practically no change in the morphology and size of Rh x cluster independently of the size of the Rh (Fig. 6) . A slight increase in the size of Rh occurred at 500 K from 2.0 to 2.5 nm, and a further increase occurred at 600 K (to 3.0 nm). It is important to point out that this increase in the size of the Rh x is much less compared to the effect of CO at the same temperature.
Accordingly, independently of the size of the Rh crystallites, the adsorption of hydrogen does not induce a disintegration of Rh nanoparticles. This is possibly due to the fact that the bond energy of Rh-H is smaller (110 kJ/mol) than that of Rh-CO, and thus the formation of the Rh-H bond is not sufficient to induce the rupture of the Rh-Rh bond. Another factor is that in the case of CO adsorption the isolated Rh atoms are oxidized to Rh 1 , very likely by the OH groups of the support (7, 9) , and the Rh 1 thus produced is stabilized in the form of Rh 1 (CO) 2 . Such a way of stabilizing isolated Rh atoms does not exist in the case of adsorbed hydrogen. At higher temperatures, however, as the STM pictures reveal, the hydrogen leads to an increase in the size of Rh nanoparticles, in accord with the known agglomerizing effect of hydrogen. Note that adding hydrogen to CO in larger quantities prevented the CO-induced disruption of Rh x clusters even at 300 K, which was attributed to the reducing effect of hydrogen and to the destruction of the Rh 1 (CO) 2 complex (8).
Effect of NO
The adsorption of NO on pure TiO 2 (110)-(1 × 2) corroded its surface more extensively than that of CO or H 2 . The row structure disappeared even at 300 K, as illustrated in Fig. 2 . At 400 K, and particularly at 500 K (not shown here), a large-scale hilly structure appeared which was accompanied by a drastic increase of the overall corrugation of the surface. This feature makes it somewhat difficult to determine the effect of NO adsorption on the morphology of Rh x cluster at higher temperatures.
As shown in Fig. 7 , the adsorption of NO on Rh/TiO 2 (110)-(1 × 2) at 0.01 ML clearly diminished the size of the 2.0 nm Rh clusters and even caused the disappearance of the round-shaped structure at 300 K. When the Rh content was increased (0.08 ML) and the sample was annealed at 1100 K in UHV, which caused a growth of the size of Rh to 4 nm, similar features were observed. No, or only a very slight, alteration in the STM images was observed for Rh particles larger than 6-8 nm.
These results provided evidence for our previous assumption that the adsorption of NO can also induce the disruption of Rh particles (29) . The effect of NO can be explained in the same way as that of CO. As NO adsorbs more strongly on Rh than CO (46), it is not surprising that it causes a similar phenomenon. As was established by IR studies, NO also forms a surface complex, Rh 1 (NO) 2 , with isolated Rh atoms or ions (29) (30) (31) , and so a stabilizing possibility may exist for these highly reactive Rh atoms.
Effect of CO 2
Although CO 2 adsorbs readily on the TiO 2 surface forming surface carbonate species, we did not experience radical structural changes by STM for the clean TiO 2 (110)-(1 × 2) surface. The adsorption of CO 2 or Rh/TiO 2 containing 0.01 ML of Rh caused no observable changes in the size and shape of the Rh nanoparticles (Fig. 8) . The more or less well separated Rh nanocrystallites of ∼2.0 nm are well detectable even after 60 h exposure to 10 mbar CO 2 (Fig. 8D) . These features are consistent with the very weak interaction between Rh and CO 2 (47) (48) (49) . Following the adsorption of CO 2 on H-free Rh(111) or on supported Rh at and above 300 K produced no spectral features attributable to adsorbed CO 2 (49) .
CONCLUSIONS
(i) STM measurements provided direct evidence for the CO-induced structural changes of Rh nanoparticles. At lower temperatures, 300-400 K, the disruption of Rh crystallites to smaller units and/or to atomically dispersed Rh is the dominant reaction, whereas at higher temperature CO induces the agglomeration of finely dispersed Rh into larger crsytallites. (ii) The disruption process sensitively depends on the size of the Rh nanoparticles: small particles are disrupted easily, whereas the disruption is much slower or did not occur at all for larger nanocrystals. (iii) Adsorption of strongly adsorbed NO also causes the desintegration of small nanoparticles. (iv) In contrast, no structural changes of Rh nanoparticles were experienced in the presence of H 2 and CO 2 even at higher gas pressure.
